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Motivation
Dark Matter (DM) cannot be explained within the Standard Model (SM); its presence is one of the experimental evidences for physics beyond the SM. The nature of the Higgs particle also raises a quandary, as the electroweak (EW) hierarchy problem remains unsolved. The lightness of the Higgs may result from its being a pseudo-Goldstone boson (GB) of a global symmetry 1 , spontaneously broken by strong dynamics at a high scale Λ s v, as typically arises in scenarios where electroweak symmetry breaking (EWSB) is non-linearly realised. Much as the interactions of QCD pions are weighted down by the pion decay constant and described by an effective field theory (EFT) with a derivative ordering, those of the EW pseudo-Goldstone bosons -the longitudinal components of the W ± and Z plus the h-will be weighed down by f (Λ s ≤ 4πf ) 2 . An EFT approach is adopted to avoid the specificities of particular models.
Standard vs. non-linear Higgs portals
The Higgs portal 6 is one of the three possible renormalisable (d ≤ 4) interactions between the SM and DM (along with vector-like and fermion portals). Assuming a Z 2 symmetry 7,8 , under which S is odd and the SM fields are even for DM stability, the standard portal is defined by
shown in unitary gauge, with Φ the SU (2) L Higgs doublet, h the physical Higgs particle, v the EW scale as defined from the Fermi decay constant and λ S the Higgs portal coupling. In non-linear scenarios 9,10 , the physical Higgs field may no longer behave as an exact EW doublet at low energies. It can be treated effectively as a generic SM scalar singlet with arbitrary couplings. The typical SM dependence on (v + h) is to be replaced by a generic polynomial
In addition, the interactions of the physical h particle are not necessarily correlated with those of the W ± and Z longitudinal components, denoted by π(x) in the unitary GB matrix: Note that the "pions" here are suppressed by v, where the natural GB weight is in fact the scale f ; this encodes the fine-tuning affecting these models. While in linear BSM scenarios h and U(x) are parts of the same object Φ, they are treated independently in the non-linear setup.
In the effective non-linear Lagrangian, only the leading terms weighted down by Λ DM and Λ s (both Λ s , Λ DM f v) are kept, which means no explicit dependence on them. It can be written as L = L EW + L S . Several choices are possible for the EW leading order Lagrangian L EW , although this is of minor impact here (see Ref. 11 ). L S encodes the DM interactions 11 :
where the A i operators form a basis a :
The dots in Eq. (4) stand for terms with more than two h bosons and/or more than two S fields, which are not phenomenologically relevant in the analysis below and are henceforth discarded.
Dark Matter phenomenology
We showcase some salient features of non-linear Higgs portal scenarios varying one coefficient of {b, c i } at a time, and confront them with the standard portal (b = 1, c i = 0). This allows to single out the impact of each effective operator ensuring a clear and conservative comparison. Dark Matter relic density: Assuming S to be a thermal relic, its abundance Ω S is determined by the thermally averaged annihilation cross section into SM particles times relative velocity in the early Universe (σv) ann = σ(SS → XX) v . We require the abundance not to exceed the observed value 12 , assuming S may either be the sole DM particle or a member of a larger DM sector: Ω S h 2 ≤ Ω DM h 2 0.12. Deviations from the SM-like correlation between SSh and SShh couplings (described by values b = 1) have important consequence for m S > m h through the process SS → hh. Values of b > 1 enhance this annihilation, shrinking the excluded region (see Figure 1 (left) ). Non-linear operators A i affect DM annihilations into gauge bosons, a A3 − A5 contain sources of custodial symmetry breaking further than those present in the SM (hypercharge in this case). The contribution of A4 to the Z mass vanishes while that from A5 arises only at the two loop level, and no significant constraint on their operator coefficient follows the ρ parameter and EW precision data. These observables do receive a one-loop contribution from A3, implying a bound estimated to be around c3 ∼ 0.1. Higgses and b-quarks. Interactions induced by A 1 modify the annihilation into two gauge bosons (relevant for m S 65 GeV). For c 1 < 0, interference with the linear term increases σ ann , making some previously excluded points viable (Figure 1 (right) ). If c 1 > 0 the interference is destructive: new cancellations exclude previously allowed points (e.g. the yellow "branch" for c 1 = 0.1).
Dark Matter direct detection (DD): DM-nucleon interactions occur in our scenario via Higgs exchange and, in the non-linear case via W ± and Z exchange. The strongest bounds constrain the spin-independent cross section σ SI for S on nucleons. Again, S may be a member of a larger DM sector, in which case DD bounds are to be rescaled:
exp . The current 13 , and projected 14 DD exclusion regions are shown in Figure 2 for the standard Higgs portal scenario, and in the presence of the non-linear operator A 1 with c 1 = 0.1. While A 1 doesn't affect the S-nucleon scattering to first approximation (SSZZ and SSW + W − vertices do not enter the scattering at tree level), its impact on Ω S affects the DD exclusion regions due to the necessary rescaling. The allowed parameter space is enlarged for c 1 < 0 while for c 1 > 0 the exclusion region may stretch further into an area that is allowed in the standard setup.
Invisibles Higgs decay width: The decay channel h → SS is open for m S < m h /2, contributing to the Higgs invisible width Γ inv . The presence of A 2 has a significant impact: even for λ S → 0, Γ inv = 0 for c 2 a 2 = 0. We require BR inv = Γ inv /(Γ inv + Γ SM ) < 0.23 15 . While the presence of A 1 does not modify this constraint (see Figure 2) , that of A 2 is not illustrated but should be commented: even for small values of this coefficient practically all the region m S < m h /2 is excluded.
Dark matter at the LCH: A key probe of DM at colliders are "mono-X" signatures -associated production of DM particles with a visible object X, which recoils against missing transverse energy / E T . The presence of non-linear Higgs portal interactions A 1−5 has a dramatic impact, allowing EW production of DM via couplings to vector bosons, leading to mono-W , mono-Z and mono-Higgs signatures with rates O(10 1−4 ) × c 2 i bigger than the standard Higgs. A promising smoking gun consists of using the ratio R W Z ≡ σ(pp → ZSS)/σ(pp → W ± SS), as shown in Figure 3 (left) . The impact of each non-linear operator determined in general independently of the value of the coefficient (either c i or λ S in the standard case). The ratio R W Z is a powerful discriminator for the cases of A 1 and A 4 (green and red curves respectively), and also trivially for A 5 , for which the mono-W ± process is absent and R W Z ≡ ∞. We show 11 how these effects could be alternatively explained by unnaturally large values of d = 6 operator coefficients in a linear expansion. It is in principle possible to infer the DM mass from the mono-X processes through the differential information on transverse momentum P X T (e.g. Figure 3  (right) ). The hypothetical observation of mono-Z/W signals would allow to simultaneously extract a measurement of R W Z and of m S , identifying a unique point (surrounded by a finite error region) in the parameter space of Figure 3 (left) . Naively, the further away this point lies from the black line, the more disfavoured the standard portal scenario will be.
Conclusions
In summary, a more general scenario of scalar Higgs portals, with non-linearly realised EWSB gives rise to remarkable effects. Deviations from the SM-like correlations between i) single-and di-higgs couplings and ii) the interactions of h and the longitudinal W ± and Z d.o.f. deeply affect constraints on the parameter space in the non-linear Higgs portal. Predictivity, however, is not lost as the appearance of new couplings and novel kinematic features at the renormalisable level provides handles to disentangle non-linear behaviour from the standard Higgs portal at colliders. In particular, we have proposed observables that are able to distinguish the non-linear portal from the standard one (more details can be found in Ref. 11 ). The search for Dark Matter and the quest for the nature of EWSB are major present challenges. We have discussed their interplay within an effective approach in the framework of the Higgs Dark Matter portal.
